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In quantum computing architectures, one important factor is the trade-off between the need to
couple qubits to each other and to an external drive and the need to isolate them well enough in order
to protect the information for an extended period of time. In the case of superconducting circuits,
one approach is to utilize fixed frequency qubits coupled to coplanar waveguide resonators such that
the system can be kept in a configuration that is relatively insensitive to noise. Here, we propose a
scalable voltage-tunable quantum memory (QuMem) design concept compatible with superconduct-
ing qubit platforms. Our design builds on the recent progress in fabrication of Josephson field effect
transistors (JJ-FETs) which use InAs quantum wells. The JJ-FET is incorporated into a tunable
coupler between a transmission line and a high-quality resonator in order to control the overall in-
ductance of the coupler. A full isolation of the high-quality resonator can be achieved by turning off
the JJ-FET. This could allow for long coherence times and protection of the quantum information
inside the storage cavity. The proposed design would facilitate the implementation of random access
memory for storage of quantum information in between computational gate operations.
INTRODUCTION
Noisy intermediate-scale quantum (NISQ) era’s
leading hardware is mostly built on scalable cavity
quantum electrodynamics (cQED) architectures
using superconducting qubits. Quantum hardware
with 50+ qubits are available in superconducting
platform where the system takes the form of a
quantum network with superconducting coplanar
waveguide resonators (bus couplers and readout
resonators) providing paths for microwave photons
to indirectly interact with processing qubit nodes.
In this scheme a resonator is used to exchange a
photon with its adjacent qubits for readout or en-
tanglement operations. Superconducting resonators
are typically easier to fabricate and optimize their
characteristics compared to qubits where there are
many more complex factors. Consequently, there
is a rich literature on the optimization of materials
growth and resonator fabrication processes that
recently lead to resonator lifetimes of a few millisec-
onds [1–4]. This progress has made superconducting
resonators emerge as not only an integral part of
the qubit system, but also as memory for quantum
information. For memory applications where
maintaining long coherence times are necessary, a
weakly coupled resonator-qubit network with fixed
frequency f and high quality factor, Q = f∆f can
limit the speed of quantum operations (increasing
the length of quantum gates). This issue may be
addressed by integrating tunable inductive elements
into the resonators in order to drive them in and out
of tune with various components within the circuit
[5]. We note that there is always trade-off between
tunability and fixed operation of quantum circuits
which can be quantified by Quantum Volume [6].
Achieving tunable resonators is expected to have
major impacts in several fields of quantum infor-
mation processing and quantum communication. In
the former, large arrays of qubits and resonators as
quantum random access memory will be needed for
short-term storage of the processed information [7].
In the latter, flying qubits are envisioned to be sent
over long distances with resonator-based quantum
memories and qubit processors acting as nodes to
boost the transfer efficiency in the form of quantum
repeaters [8].
Tunable resonant cavities have been demonstrated in
the past decade by several groups including [5, 9–11].
Nearly all of these designs include a superconducting
quantum interference device (SQUID) placed in the
resonator voltage node. When a small magnetic flux
is applied the SQUIDs inductance and consequently
the resonators total inductance varies. Tuning the
inductance is equivalent to tuning the resonant fre-
quency for the resonator. The magnetic field can be
applied off-chip by a coil in the vicinity of the sample
and on-chip via the so-called current flux line. How-
ever, either of those approaches requires application
of current directly to or near the chip causing excess
energy dissipation and flux noise in the qubits.
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2DESIGN OF THE QUANTUM MEMORY
The recent development of epitaxial superconductor-
semiconductor heterostructures [12, 13] has allowed
research into gate-tunable Josephson field effect
transistors (JJ-FETs) on InAs near surface quantum
wells [14] and III-V nanowires [15, 16]. Quantum
devices fabricated on these materials exhibit record
high junction transparencies and optimal induc-
tance tunability via DC gate biasing [12, 14, 17, 18].
The JJ-FETs gate stacks are identical to room
temperature III-V transistors where dielectrics can
be deposited by atomic layer deposition of a thin
layer of Al2O3 (or HfO2) followed by evaporation
of the metallic gate electrode (i.e. Ti/Au). Figure 1
shows how the JJ-FET can be integrated into
our resonator device for memory application. In
this scheme, a λ/2 superconducting resonator is
dissected into two sections of equal length by a
JJ-FET. This resonant cavity labeled as tunable
coupling resonator (TCR) performs the task of
mediating the coupling between the transmission
feed-line shown on the left and the λ/4 storage
cavity (SC), shown on the right. This way the SC
can be isolated on demand. The SC is expected to
have high internal quality factors while TCR can
have high coupling to feed line for fast read/write.
The TCR interfaces with the feed-line and storage
cavity via two capacitors: input capacitor and
coupling capacitor.
FIG. 1: Schematic of the quantum memory device
composed of a tunable coupling resonator and fixed-
frequency storage resonator.
The envisioned operation of this device relies on
DC voltage pulses applied to the gate electrode
instead of current pulses applied to flux line
when a SQUID is used as the tunable inductor
[11]. Photons can be transferred from the TCR
to the SC, and reciprocally, by tuning the JJ-
FET critical current to achieve strong coupling
between the two resonators for short periods of
time, resulting in a photon swap. The coupling
between the two resonators will determine the
achievable read/write speed of the memory. The
information stored in the SC can then be protected
after each operation by driving the TCR out of tune.
FIG. 2: Top-down view of a model of the proposed
QuMem design, used for HFSS simulations, with an
array of four devices with characteristic resonance fre-
quencies of 6.55 GHz, 6.65 GHz, 6.7 GHz and, 6.75
GHz for their storage cavities. The design includes
a microwave transmission feedline (yellow), frequency-
tunable coupling resonators (turquoise), DC bias lines
for JJ-FET gates (purple) and fixed-frequency storage
cavities (green).
To optimize the planar microwave circuit for this
application, electromagnetic modelling is carried
out via a High Frequency Structure Simulator
(HFSS) using Ansys 3D electromagnetic simu-
lation software. Fig. 2 displays a planar design
for cQED quantum memories based on a hybrid
superconductor-semiconductor platform. The
schematic on the top is a top-down view of the
design that includes four memory devices coupled
to a transmission feed-line via tunable resonators.
In this design, the coupling resonators are tuned
by application of DC voltage pulses directly to the
JJ-FET gate (section (1)). It should be noted that
the schematics for the JJ-FETs are representative.
3The junction gap could also be covered with a
high-k dielectric (i.e. Al2O3, HfO2) and the gate
electrode contacts (in purple). In our simulations
the JJ-FETs are treated as lumped resistance-
inductance-capacitance (RLC) elements. Section
(2) of figure 2 shows a magnified section of the
design at the interface between the TCR and SC
resonators. The coupling may be achieved via an
interdigitated capacitor with only two teeth.
In order to simulate the TCR via HFSS, the over-
all inductance of the Josephson junction was varied
over a wide range from 10 to 500 pH. This range is
consistent with the critical current reported for InAs
JJ-FETs (e.g. ref. [14]) following the equation:
LJ =
Φ0
2piIccos(φ)
(1)
, where Φ0 is the flux quantum, Ic is the critical
current of the Josephson junction, and φ is the
superconducting phase. This relationship at φ
= 0 (a reasonable value for the TCR linear re-
sponse regime) is plotted in Fig. 3(A) for typical
values of Ic in InAs JJ-FETs. The maximum
achievable supercurrent can be tailored by the
junction geometry as in epitaxial Al/InAs JJs the
product of supercurrent and normal resistance
reaches the Al superconducting gap (IcRn ∼ ∆).
To target a particular maximum Ic, the Rn can
be adjusted by controlling the width of the junction.
Fig. 3B shows the resonant frequency calculated
by HFSS for TCR (mode 1) and SC (mode 2)
in the topmost resonator device in Fig. 2 as a
function of the JJ-FET inductance. This frequency
range is particularly important as the frequency
anti-crossing occurs between the two modes: a
signature of strong coupling between the two super-
conducting resonant cavities which will be used to
perform photon swap between the TCR and SC.
The coupling strength can be estimated to be a few
hundreds of MHz. This level of interaction between
the TCR and SC offers a clear path to an efficient
read/write process for the proposed memory device.
The interaction between the resonant cavities could
also be evaluated qualitatively using the electric
field (E-field) mapping tool. The simulated maps
for the magnitude of the electric field in dB are
shown in Fig. 4, for four different conditions of the
JJ-FET. The maps in Fig. 4A C were calculated
at inductance values denoted by vertical lines in
Fig. 3B. In Fig. 4A and 4C, JJ-FET inductance
FIG. 3: (A) Critical current as a function of JJ-FET in-
ductance following Eq.(1) (B) Resonant frequencies for
mode 1 and mode 2 of the resonances, as functions of the
JJ-FET inductance. Modes 1 and 2 represent the TCR
and SC, respectively. As highlighted by the gray region,
strong coupling between the two resonators occurs be-
tween 175 and 250 pH. The lines I, II and III denote
the three inductance values at which the electrical field
distribution maps in Fig.4 (A) (C) are calculated.
is at 50 pH and 450 pH, respectively, leading to
weak interactions between the two cavities with
the E-filed being concentrated mostly in the TCR
with λ/2 mode. Once the inductance reaches the
center of strong coupling region at about 220 pH
(Fig. 4B), strong E-fields are observed across the
interdigitated capacitor coupling the TCR to SC.
This is consistent with a strong coupling of the
electromagnetic field between the two cavities,
which can be efficiently used for the read/write
process.
A JJ-FET is only inductive up to the point where
the critical current (Ic) is reached. By depleting the
semiconducting weak-link of the junction, Ic can
be suppressed, therefore turning the junction into a
resistive element with absolute resistance values in
the order of few kΩs [14]. To evaluate the behavior
4FIG. 4: Magnitude of electric field distributed between
TCR and SC for four different conditions: (A) L = 50
pH, where TCR and SC are detuned; (B) L = 220 pH,
where strong TCR-SC coupling occurs; (C) L = 450
pH, where TCR and SC are once again detuned; (D)
Resistive mode for the tunable JJ-FET’s fully depleted
regimes in which TCR is split into two λ/2 resonators
with frequencies of ∼ 13GHz.
of our memory device in this resistive regime for
JJs, we modelled our JJ-FET with a 1 kΩ resistor
in between the two sections of the TCR. This is the
lower limit for an Al/InAs JJ-FET, which could
be achieved by tuning the design and materials
properties of the junctions. Figure 4D displays the
simulated E-field distribution between the TCR and
SC for such configuration. Incorporation of 1 kΩ
in the TCR leads to its splitting into two shorter
λ/2 cavities with resonance frequencies of ∼ 13
GHz. Considering that our read/write frequencies
are in the 6.5 GHz range, the resistive mode will be
ideal for complete turn-off in the QuMem storage
mechanism. Therefore, the JJ-FET resistive regime
provides full protection of the storage cavity from
decoherence in external coupling to the TCR.
FIG. 5: The operation sequence for the proposed quan-
tum memory device: (A) The state of the coupling res-
onator when the JJ is in complete depletion (OFF: equiv-
alent to a resistor) or in accumulation (ON: equivalent to
an inductor). The ON point corresponds to the voltage
needed for the inductance to reach the level needed for
strong coupling; (B) The pulse sequence for writing onto
and reading from the quantum memory. The read and
write processes occur as swap operation in the strong
coupling regime.
Based on the discussion above, there are two states
of the JJ-FET employed in the memory operation
process denoted by “ON” and “OFF” in Fig. 5A. In
the ON state the JJ-FET acts as an inductive ele-
ment with inductance values within the strong cou-
pling regime (in this case ∼ 220 pH). In turn, in
the OFF state the JJ-FET in full depletion acting
as a resistive element with values ≥ 1 kΩ. Based on
the proposed ON/OFF regimes, a pulse sequence for
quantum information to be written onto and read
from the QuMem is proposed in Fig. 5B. In this
scheme the quantum information is carried by an
radio frequency (RF) input pulse travelling within
the transmission feedline. For most of the duration
of this input RF pulse, the JJ-FET is in its resistive
mode, therefore, the TCR and SC are in complete
isolation. However, at the end of the RF pulse, a
short DC pulse is applied to the JJ-FET gate in or-
der to put TCR and SC in strong coupling with one
another for exchanging information through SWAP
operation. Afterwards, the exchanged information
is securely stored in the SC in time scales defined
by its quality factor, with TCR once again being
fully decoupled in OFF state. This is equivalent to
5a write process onto a classical memory cell. For
reading the quantum information from the QuMem,
TCR and SC are once again placed in strong cou-
pling regime with a short DC pulse.
SCALABILITY
The current quantum technology landscape is grow-
ing very rapidly. There are many research groups
and industrial teams pursuing a wide variety of ap-
proaches, including superconducting qubits, solid
state defects, entangled photons, and ion trap plat-
forms [19]. We believe that the next significant step
in the development of quantum technologies is to
demonstrate a versatile quantum memory, where so-
lutions such as QuMem could be universally used
across various platforms. As the number of qubits
in quantum processors grows, so will the number
of QuMem elements. Here, we propose a proven
bump bonding approach for scaling up the quan-
tum memory architecture, in the form of multiple
chips bonded together by means of an interposer
composed of silicon or PCB/laminate (see Fig. 6).
State-of-the-art indium bump bonding techniques,
utilizing 200 mm silicon wafer technology, allow
for connectivity of up to potentially 100 chips [20].
Alternative wire bonding methods can be applied
as well, although those are typically less reliable
and more time-consuming. This framework allows
for standard and established quantum characteriza-
tion protocols to be applied [21, 22], enabling fast-
turnaround characterization of individual QuMem
chips in order to select the best-performing candi-
dates. This modular solution enables faster screen-
ing of QuMems, maintenance/replacement of bad
performers, cost reduction and cryogenic compati-
bility. This is particularly important as larger sili-
con devices have been demonstrated to have limited
in their operations due to low thermal conductivity
at milli-Kelvin temperatures [23].
CONCLUSION
In this article, we propose a design concept for
scalable voltage-tunable quantum memory. The
resulting memory modules can be integrated with
cQED superconducting processors or other qubit
platforms, if efficient transduction is possible. This
design uses a gate-tunable hybrid JJ-FET as the
main element to tune the resonance frequency of
a superconducting resonator. This voltage-tunable
resonator would control the coupling between a
FIG. 6: Conceptual schematic of multi-chip quantum
memory utilizing wire bonding or bump bonding tech-
nologies. Multiple chips can be added to an interposer
composed of silicon or PCB/laminate, to increase the
size of QuMem. Connectivity between chips and in-
terposer can be accomplished by indium bump bonding
methods.
feedline and a superconducting storage cavity.
Through HFSS simulations, we demonstrated that
strong coupling can be achieved within a typical
range of critical currents for hybrid gate-tunable
Al-InAs Josephson junctions. When entering the
JJ-FET’s resistive regime, complete decoupling and
isolation for the storage cavity may be achieved.
This could lead to fully protected quantum informa-
tion whose lifetime is defined by the quality factor
of the storage cavity.
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